Background and purpose: Induced travel demand (ITD) is a phenomenon where road construction increases vehicles' kilometers traveled. It has been approached with econometric models that use elasticities as measure to estimate how much travel demand can be induced by new roads. However, there is a lack of "white-box" models with causal hypotheses that explain the structural complexity underlying this phenomenon. We propose a system dynamics model based on a feedback mechanism to explain structurally ITD. Methodology: A system dynamics methodology was selected to model and simulate ITD. First, a causal loop diagram is proposed to describe the ITD structure in terms of feedback loops. Then a stock-flows diagram is formulated to allow computer simulation. Finally, simulations are run to show the quantitative temporal evolution of the model built.
Introduction
Mobility is the necessity to travel that is derived from the desire to participate in economic and social activities in urban areas. Traveling between different locations involves an expenditure of time. However, negative implications appear when movements on roads are accomplished by spending more time than usual due to traffic congestion (Hills, 1996) . In intuitive decision-making processes, road construction is a well-known policy that increases travel speeds and reduces travel delays (Hong et al., 2011; Noland and Lem, 2002) . Nevertheless, evidence of a shortand medium-term correlation between road construction and travel demand has been found (Graham et al., 2014; Hanse, 1995) . This phenomenon is known as induced travel demand (ITD) in which new roads, expressed as linear kilometers, induce increases in the number of kilometers traveled by vehicles.
ITD calls into question the effectiveness of road construction as a single and sufficient policy to address traffic congestion (Ladd, 2012) . Several studies have approached ITD with econometric models that use elasticities as measure to estimate how much travel demand can be induced by new roads (Currie and Delbosc, 2010; Handy, 2014; Noland, 2004; Özuysal and Tanyel, 2008) . Those models are built with forecasting purposes to match sets of outputs between specified ranges of accuracy without claims of causality in their structure (Barlas, 1996) . They do not focus on providing structural explanations of the counterintuitive behavior in which mobility tends to be saturated despite building new roads.
Although econometric models corroborate the existence of ITD and quantify it, explaining this phenomenon structurally allows designing comprehensive policies that go beyond road construction to effectively address traffic congestion. However, to do this, ITD should be approached from a systemic perspective to suggest sizing up this phenomenon, placing it in a wide enough context, and thinking about it as a system in the same way that every social concern must be approached (Bunge, 2014) . This implies recognizing and defining elements that interact between road construction and motorized travel demand as elements that are strongly linked and influence each other in a whole system and whose interactions determine ITD behavior. The latest avoids reductionist thinking in which linear cause-effect relationships are studied in isolation.
In this sense, "white-box" models can propose representations about the structural complexity of ITD. Through system dynamics (SD) models, which are "causal-descriptive" models, it is possible to formulate statements of how ITD actually works. These models are built to understand why certain phenomena occur. This question is answered using a feedback structure that explains the occurrence of ITD over time (Sterman, 2000) ; this means that the feedback structure produces a behavior that can be similar to ITD behavior. Therefore, the feedback mechanism is conceived as a dynamic hypothesis of ITD based on a fundamental premise of the systems dynamics paradigm: to similar causal structures correspond similar behaviors (Andrade et al., 2001; Forrester, 1971) .
In this paper, we highlight the structural complexity underlying ITD. These insights are based on an SD model whose feedback structure is a dynamic hypothesis that explains and simulates ITD by road construction. The SD model represents a complex mobility phenomenon that is corroborated and measured through econometric models using a systemic approach. This means including the linear relationship between kilometers traveled and kilometers built within a structure of cyclical influence from which ITD dynamically emerges using SD modeling tools.
Bibliographic review
The phenomenon of induced travel demand (ITD) was recognized even before the automobile age (Ladd, 2012) . However, serious attention began only in the 1980s, especially in the UK (Goodwin, 1992) . During that time, scholars in the USA carried out statistical works to discuss and corroborate this phenomenon (Cervero, 2001; Noland, 2001) . Since the 1990s, several studies using econometric models have produced more solid evidence about the existence of ITD (Duranton and Turner, 2011; Handy, 2014; Hymel et al., 2010; Litman, 2010; Noland, 2004; Özuysal and Tanyel, 2008) . These confirmations contradict the long-term benefits of road construction on mobility. As a result, road construction in developed countries is no longer an exclusive policy to reduce traffic congestion.
However, in developing countries, rapid urban sprawl, high population growth, raised motorization rates and great traffic congestion have promoted a perceived need of more roads among transport policy-makers. Currently, these countries invest huge budgets for new and better roads to solve the issues described above. Nevertheless, despite available evidence about ITD in countries in Europe and North America, we have not found works that discuss ITD and evaluate its possible implications in developing countries under their current road construction scenarios. It is probable that if econometric models were used to assess how much travel demand can be induced by road construction projects, the results would show how the building policy increases the quantity of motorized travel in a long run time horizon.
Assuming as a fact the increment of motorized travel after road construction, regardless of the precise quantity of such increases, a representation with a system dynamics (SD) model of ITD provides a modeling tool that improves the decision-making process in developing countries. The SD model enhances the level of understating about the structural complexity of ITD. The better this phenomenon is known this phenomenon, the better comprehensive policies in mobility would be designed, taking into account that road facilities are still necessary to guarantee connectivity in developing urban cities.
We performed a bibliographic review that covers the period between 1990 and 2015. All papers reviewed were made under an econometric approach wherein elasticities are the primary measure to corroborate and quantify ITD. However, we did not find papers with a "causal-descriptive" or system dynamics approach. This supports the statement that there is a lack of "white-box" models with causal hypothesis to represent the structural complexity of ITD, based on available statistical evidence provided by econometric models.
Materials and Method
System dynamics (SD) is a methodology based on feedback control theory equipped with mathematical simulation models by computer, which uses linear and non-linear differential equations. Jay Forrester at Massachusetts Institute of Technology developed this approach in the 1960s. Since then, it has been employed to address complex issues in various fields such as urban dynamics (Forrester, 1969) , business and management (Sterman, 2000) , education and learning (Andrade et al., 2014; Forrester, 1994) , and economy and environment (Ford, 1999) . The purpose of SD in these areas has focused on explaining structure and modelling complex phenomena that are represented as systems for understanding their behavior over time.
Building an SD model involves an iterative process. In the progression from one step to the next, the modeler moves backward and forward through each methodological tool that SD offers to create a model as an abstraction of a real phenomenon (Sterman, 2000) . For this paper, we assumed these methodological tools as a set of languages that each represents a particular view of the model (Andrade et al., 2001 ). This methodological assumption corresponds to the modeling methodology of "five languages" that was proposed by Hugo Andrade et al. (2001) and is shown in Figure 1 . The model was built with Evolución 4.5 1 , a software platform developed by the SIMON 2 research group at Universidad Industrial de Santander (Colombia) to build SD models.
Results
In this section, we expose the model that was built using each language of Figure 1 . The purpose of this model is to propose a dynamic explanation in terms of circular causality of induced travel demand as emerging phenomenon between road construction and motorized travel demand. We did not take into account alternative means of transport, and the benefit of road construction inducing more travel demand is travel speed. Moreover, a specific urban context with mobility features is used to calibrate the basic model parameters.
System verbalization
The Metropolitan Area of Bucaramanga (MAB) is a metropolitan zone located in the department of Santander, Colombia, with an estimated population of 1,113,522 people. It is composed of four cities: Bucaramanga (capital city of Santander), Floridablanca, San Juan de Girón and Piedecuesta. They are linked geographically and commercially, and transportation is a key element that influences the way in which people do their daily activities along the MAB. MAB'S fleet consists mostly of private vehicles (cars, vans and campers) that represent 38% of the total fleet. Additionally, there is a motorization rate of 442 vehicles per 1,000 people (Observatorio Metropolitano de Bucaramanga, 2014); meanwhile, road supply has built approximately 1,300 kilometers of road, and several road construction projects are underway that require great budgets to increase the number of kilometers available (Secretaría de Infraestructura de Bucaramanga, 2001 ). However, according to the evidence reviewed of induced travel demand in cities abroad, we suggest that this one-side policy will generate, at best, modest results in MAB.
Causal Loop Diagram (CLD)
The proposed CLD can be seen in Figure 2 , and a brief description of each variable is shown below. According to Figure 2 , the CLD includes two types of travel conditions on roads: the first type corresponds to potential conditions. They represent the level of service on roads calculated on the basis of vehicles that the kilometers built can hold at average flow conditions, including the whole fleet of private vehicles; this includes cars in use and cars that do not travel because of traffic congestion 3 . The second type corresponds to real conditions that represent the level of service on roads only based on cars traveling and the road capacity in terms of vehicles that the kilometers built can support.
• Kilometers Built: This is the available road infrastructure expressed as linear kilometers.
• Road Congestion Index: This represents the state of mobility as a ratio between kilometers traveled by cars and kilometers built. This index takes values between zero and one. Values closer to zero represent uncongested mobility. Values closer to one correspond to traffic congestion on the available road infrastructure.
• Fleet Growth: This represents the average growth of private vehicles in the Metropolitan Area of Bucaramanga. The flow rate at which the fleet increases is influenced by a motorization rate of 442 vehicles per 1.000 people. This growth rate includes social and economic elements that also increment travel demand growth and that are not specified within this model.
• Potential Level of Service (LoS): Thus represents
the potential flow conditions on roads that change depending on values of a ratio, a dimensionless load factor, between fleet growth and vehicles that the kilometers built can hold at an average flow of 3,200 vehicles/hour and a service travel speed of 60 kilometers/hour. The scale of LoS has six discrete values ranging from A to F, which can be seen in Table  1 . Each discrete range is associated with an average range of potential travel speeds. 3 Those cars that do not travel because of traffic congestion correspond to discretionary riders who have the option of traveling in more than one means of transport. When mobility is congested, discretionary riders do not use private vehicles; they tend to use other means of transport, such as public transport.
• Potential Travel Speed: This is the potential speed at which vehicles could travel depending on the Potential Level of Service. 
Reference mode
Based on the causal loop diagram (CLD) proposed, the stocks-flows diagram is formulated to run dynamic simulations of ITD behavior. Qualitative analysis of interactions between CLD's feedback loops allows for a discussion of the expected behavior for simulations of the stocks-slows diagram. This reference pattern, known as reference mode, provides a point of reference during the modeling process, enabling us to stay on track of the model validation and its quantitative results (Ford, 1999) . The reference mode (RM) for the causal loop diagram of section 4.2 can be seen in Figure 3 . It is proposed by , and it depicts the generated traffic caused by road construction. According to the RM, traffic grows when roads are uncongested (projected traffic growth line), but the growth rate declines as congestion appears (blue curve), which means that discretionary riders stop using their vehicles. If more roads were built, car use would increase, and traffic would grow again. This additional traffic is called generated traffic (red curve).
Simulation model
The causal loop diagram (CLD) gives a qualitative representation of the model that is useful for describing the ITD structure in terms of the feedback loops formulated. However, decision-making processes require formulating and testing policies in the model to think about their possible effects on ITD. The stocks-flows diagram is the mathematical representation of the CLD using a graphical language of accumulators and pipes, which allows for computer simulation. The stocks-flows diagram can be seen in Figure 4 . In addition, types, units and formulas of each variable are shown in Table 2 .
The approach here is based on linking differential equations, which is presented in terms of a graphical language of 'stocks' and 'flows' that keeps the model transparent and easy to understand. Stocks are depicted by rectangles, suggesting a box that holds the content. Flows can be inflow to a stock or outflow from a stock. They are represented with valves that control the rate of flow into or out of the stock. Undergirding the notation of 'stocks' and 'flows' is the mathematical notation that shows how the stock is the integral of inflow minus outflow starting with an initial level of stock. As a stock with inflows and outflows is linked to other stocks and flows, the system structure is described by a set of linked linear and non-linear differential equations. 
Model simulations
Having formulated both a causal loop diagram and a stocks-flows diagram, this section presents model simulations. These are the quantitative temporal evolution of the model that we have built. The behaviors observed in the graphs below emerge from dynamic relationships between the feedback loops that are described in section 4.2. Before running simulations, we assumed a congested mobility; with this condition, we evaluated two simulation scenarios: a road construction scenario to analyze how new roads induce more motorized travel demand, and a not construction scenario to depict normal travel demand growth without ITD. These hypothetical scenarios are necessary because ITD cannot be evaluated simply by looking Figure 4 : The stocks-flows diagram built on the basis of the feedback structure proposed in section 4. INTSPLINE (2, 0, 0.05, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0. 5, 0.5, 0.5, 0.7, 0.7, 0.8, 0.85, 0.9, 0.9, 0.9, 0.95 INTSPLINE (2, 0, 0.05, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5 , 0.5, 0.5, 0.7, 0.7, 0.8, 0.85, 0.9, 0.9, 0.9, 0.95 (2,0,0.01,70,70,67,60,57,55,50,48,36,30,2 5,25,25,25,25) Real_LevelServic Dimensionless INTSPLINE (2,0,0.01,70,70,67,60,57,55,50,48,36,30,2 5,25,25,25,25) Delays Delay_1 Years RETARDO (RoadsInvestment,10,5,1)
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Years RETARDO (Attract_Car_Use,1,1,0) at how actual road conditions evolve; instead, motorized travel is considered to be induced if it is shown that there is more travel demand occurring when new roads are built (Gorham, 2009 ). In addition, the simulation scenarios do not seek to match a set of accurate outputs; instead, they allow validating in the way that the feedback structure reproduces ITD behaviors that are reported in econometric literature. The road congestion index (RCI) can be seen in Figure  5 . Its behavior shows the state of mobility through a time horizon of 15 years in axis X. Axis Y is the ratio between kilometers traveled by cars and kilometers built. The road construction scenario at the beginning of the time horizon has high RCI values because of the time delay required to finish the construction of new roads (blue curve). Then, the RCI starts to decrease until values near 0.1. The expected results of building roads become evident between 2018 and 2022. However, the unintended consequences of new roads appear after that time interval. Higher travel speeds increase attractiveness of car use, and mobility tends to be congested again. For the not construction scenario, RCI values always tend to increase because there is not enough space to supply the demanded capacity by the normal fleet growth (red curve), which can be influenced either by economic or social elements that are not considered in the proposed model.
These results in both scenarios come from the feedback loop named "Intuitive Building Policy", which is shown in Figure 6 . This loop reflects the traditional decision-making process wherein building roads can keep ahead of traffic congestion. However, such policy only releases mobility temporarily ( Figure 5) . In a long-term time horizon, congestion appears again with equal or worse values than its previous state.
The reference mode on the left side of Figure 7 shows how building new roads generates new traffic. This behavior can be explained through the feedback loop in Figure 8 wherein road construction improves potential travel speed and increases the attractiveness of car use. This feedback loop produces the blue curve behavior that was observed for the road construction scenario in the graph on right side of Figure 7 . For the not construction scenario (red curve) in Figure 7 , the attractiveness of car use is not influenced by potential travel speed improvements; therefore, the car use curve for this scenario has lower values than the blue curve.
The new traffic that is generated by road construction implies that there will be more cars on roads, and therefore, more kilometers will be traveled, which can be seen in Figure 9 (red curve). However, it is important to notice that the total kilometers traveled start to increase before the year 2020 before potential travel speed generates new traffic after 2020 (blue curve on the right side of Figure 7 ). This happens because new roads improve real travel speed at which cars already in use are traveling. Consequently, higher travel speeds induce people to travel more kilometers, which can be structurally explained in the "Induced Travel Demand" loop of Figure 10 . For the case of the not road construction scenario in Figure 9 (blue curve), the increase of kilometers traveled is lower than the red curve. There are two reasons that can justify this behavior. First, without new roads, mobility remains congested, and there is no high real travel speed that can induce cars that are already in use to travel more kilometers. Second, without road construction, there is no potential travel speed that generates new traffic. Figure 11 shows the real travel speed behavior for the road construction scenario and the not construction scenario. In the first scenario, travel speed has lower values at the beginning of the time horizon when the RCI is higher ( Figure 5 ). When the time delay of building new roads has finished, the real travel speed enhances car use. Nevertheless, at the end of the time horizon, the travel speed decreases because car use saturates roads' capacity again. In the case of the not road construction scenario (red curve), travel speed values are lower than the blue curve because without new roads the normal fleet growth congests mobility rapidly. This behavior can be explained by means of the causal loop shown in Figure 12 , which depicts how travel speed is absorbed by car use. Such car use is composed of induced travel demand and generated traffic.
Discussion
Questions about causal links between traffic and road construction require a look beyond the statistical relationship of kilometers traveled and kilometers built. The ITD phenomenon has already been measured and corroborated but not structurally explained at all. Causality is not the main purpose of econometric models (Concas, 2013) . However, some authors have dealt with causality through the Granger test and instrumental variables in least squares of two and three stages (Cervero and Hansen, 2002; Cervero and Hansen, 2000; Hymel et al., 2010; Melo et al., 2012; Noland and Cowart, 2000; Özuysal et al., 2008) . Although these techniques deal with causality, it is necessary to gain more insight into the structural complexity of ITD to improve policy design to address this phenomenon. System dynamics offers to explain such complexity with feedback loops, non-linear relationships and delays that represent lag responses of people with respect to flow improvements of new roads. These modeling tools fit better with ITD if it Figure 7 : Reference mode and "Generated traffic" loop behavior Figure 8 : "Generated traffic" reinforcing loop is assumed to be a social phenomenon that involves people's behavior and the way in which they travel.
Based on the evidence provided by econometric works, it is possible to propose a systemic representation of ITD. Simulation results that come from the feedback structure of the system dynamics model that was built show two ITD behaviors. In the short term, cars already in use travel more kilometers. This short-term ITD refers to conscious decisions made by drivers to take advantage of flow condition improvements created by new roads, which the "induced travel demand" loop shows in Figure 10 . Some authors classify this type of ITD as direct induced travel demand (Gorham, 2009) . Several studies have used elasticities to quantify the increments of kilometers traveled, which are induced by road construction. Elasticity measures usually range from 0.3 to 0.6, depending on the urban context studied (Concas, 2013; Handy, 2014; He and Zhao, 2014; Shengchuan; .
In addition, the simulation results depict a medium-term ITD that matches with the reference mode in section 4.3. Duranton and Turner (2011) , in their work named "the law of road congestion", argue that building roads can create new travelers. These new travelers are the generated traffic produced by the "Generated Traffic" loop when travel speed, one engine of car use growth (Bleijenberg, 2012) , increases attractiveness of car use. Consequently, more cars are going to travel on new roads, which, when added to vehicles already in use, saturate mobility again in a long-term time horizon, which is shown in the road congestion index of Figure 5 . Gorhman (2009) classifies this type of ITD as indirect induced travel demand, which has statistically been measured through elasticities that mostly fall into the range from 0.6 to 1.0 (Cervero and Hansen, 2002; Duranton and Turner, 2011; He and Zhao, 2014; Noland, 2001; Noland and Cowart, 2000) .
It is clear that econometric models based on elasticities show how responsive travel demand is to road construction. Such estimations corroborate the existence of ITD at a microeconomic level and the way in which it increases trip-making. Nevertheless, ITD does not refer to people making more frequent trips; instead, the term refers to the overall amount of motorized travel undertaken because of new roads creation (Gorham, 2009) . In this sense, the system dynamics model that we proposed complements previous literature results because the ITD behaviors described above emerge at an aggregate level, motorized travel as a whole instead of focusing on quantifying discrete trip increases after road construction as econometric models have done until now. Model simulations do not seek to accomplish a level of accuracy in their results; instead, their feedback structure clarifies the structural complexity underlying the results that are obtained with elasticities in other works. In this context, the model built can be conceived as a structural explanation of ITD based on one premise of the systems dynamics paradigm: similar structures correspond to similar behaviors (Andrade et al., 2001; Forrester, 1971) . 
Conclusions
Approaching induced travel demand (ITD) with a systemic perspective allows us to identify leverage points that contribute to comprehensive design policies aimed to cope with this phenomenon. The main contribution of this work lies in obtaining a fundamental understanding of the structural complexity underlying ITD. Understanding such complexity is valuable when unintended consequences of road construction are unknown, and though road construction in developed countries is no longer an exclusive policy to reduce congestion, in many developing countries, rapid urban sprawl, high population growth, raised motorization rates and traffic congestion have promoted a perceived need for more roads, which would enhance car use among transport policy-makers.
Although the more general concept of induced travel applies to the entire transportation sector, not just to one mode, motorized travel demand supplied with new roads needs special attention because of the economic, social and environmental consequences of both road construction and intensive car use. Policy-makers in developing countries could argue that road construction is a policy that at least can keep ahead of growing traffic congestion. Nevertheless, based on simulation results it is possible to state that a transport conception that depends mainly on private vehicles as the predominant means of transport is condemned to be trapped inside traffic congestion. Regardless of how much road capacity strategic planning provides, higher travel speeds coming from new roads are absorbed by ITD in a short-and medium-term time horizon.
To escape from such transport conception requires creating a new and sustainable transport conception that goes beyond the old transport planning paradigm in which road construction seeks to improve mobility, maximizing motor vehicle travel speeds and affordability. Although the feedback structure that is proposed in this paper is a structural explanation of ITD, the structure's center is based on cars and travel speed as measures of travel performance. Therefore, future work must focus on moving the structure's center from private vehicles to people. This allows for a conversation about accessibility for people rather than mobility attached to cars traveling at high speeds. In addition, the model boundaries should be expanded to consider alternative strategies beyond road construction to address traffic congestion and ITD within developing urban contexts wherein road construction is still necessary to guarantee connectivity.
